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With ozone concentrations simulated using a regional chemical transport model (ADMER-PRO) and
high-spatial resolution meteorological data, we investigated the inﬂuence of ozone concentration on
deciduous forests in the Kanto region of Japan in summer during 2003, 2004, and 2009: three years for
which weather characteristics differed greatly. Ozone risk for plants was assessed by the accumulated
phytotoxic ozone dose (POD), a ﬂux-based index. The effects were analyzed by particularly addressing
the relation between the stomatal ozone ﬂux and meteorological elements.
Results revealed high absorption areas not only where injury to forests had been visually detected in
previous studies, but also where injury had not been observed to date. Regarding the relation between
the stomatal ozone ﬂux and meteorological elements, air temperature and vapor pressure deﬁcit strongly
affected POD in 2004, when high temperature and little rainfall were observed. Additionally, the ozone
concentration and irradiance strongly affected POD in 2003 when low temperatures and heavy rainfall
were observed. The meteorological elements affecting POD differed from year to year. Results demon-
strate the importance of multi-year simulations and analyses in the ﬁeld of ozone risk assessment.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In eastern Asia, the tropospheric ozone concentration is
increasing year-by-year. Ohara (2010) reported that the annual
averaged concentration of ozone in Japan increased rapidly
(0.29 ppb/year) during 1985e2007. Moreover, high ozone concen-
trations were observed not only in urban areas but also in moun-
tainous areas in Japan. Ozone's effects on forests constitute a severer the terms of the Creative
Works License, which per-
ion in any medium, provided
, Tokyo Metropolitan Univer-
pan.
T. Watanabe).
Ltd. This is an open access article uand widespread problem.
Surface ozone affects plants. Sitch et al. (2007) reported that
ozone reduces carbon dioxide absorption by plants. High ozone
concentrations injure plants and kill them in the worst cases,
underscoring the importance of ozone risk assessment to plants. To
date, some ozone risk assessments using concentration-based in-
dexes have been conducted (e.g., Pochanart et al., 2002; Kohno
et al., 2005). Concentration-based indexes are easy to use because
they are calculable by the ozone concentration alone. However,
concentration-based indexes are inadequate for risk assessment for
plants growing in harsh climates such as those with high temper-
ature and drought (Matyseek et al., 2007). Conversely, ﬂux-based
indexes can assess the risk adequately in harsh climates because
the indexes incorporate the effects of meteorological elements
(Watanabe and Yamaguchi, 2011). Therefore, risk assessments us-
ing ﬂux-based indexes have been increasing during the past decadender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The accumulated phytotoxic ozone dose (POD) is a ﬂux-based
index that can evaluate risk more accurately. In Europe, POD has
been used to assess risk for agricultural crops and forests. Emberson
et al. (2000), after calculating the stomatal ozone ﬂux across
Europe, suggested that vapor pressure deﬁcit, soil moisture deﬁcit,
and phenology limit the stomatal ozone uptake. Klingberg et al.
(2011), after investigating the inﬂuence of climate change for POD
in Europe, predicted that POD would remain unchanged or would
decrease because rising carbon dioxide concentrations decrease the
stomatal conductance.
Regarding studies using POD in Japan, Hoshika et al. (2011)
calculated the horizontal distribution of POD across Japan. They
reported that dryness limited the stomatal ozone uptake of139˚
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Fig. 1. Topography of the Kanto region. Solid circles represent monitoring stations. The ope
Bay.deciduous trees in western Japan. Saito et al. (2013) calculated POD
for the TanzawaMountains (Fig. 1). Their results demonstrated that
POD in the region greatly exceeded the critical level. Izuta (2013),
after evaluating ozone effects on photosynthesis of deciduous trees
in Japan, proposed locations where observation stations should be
built. Nevertheless, risk assessment studies using POD are far fewer
in Japan than in Europe.
Actually, POD depends not only on the ozone concentration; it
also depends to a great degree on meteorological elements (air
temperature, humidity, irradiance, and wind speed), soil moisture,
and phenology. Numerous studies have been conducted of the ef-
fects of meteorological elements (e.g., Emberson et al., 2000).
However, most of these studies have targeted the effect in a single
year despite that fact that the weather characteristics vary from140˚
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Fig. 2. Computational domain.
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meteorological elements in multiple years including high temper-
ature and drought.
In addition, simulations should be conducted with high spatial
resolution to calculate POD accurately because the ozone concen-
tration and meteorological elements change greatly in space.
However, the horizontal resolution of calculating POD in previous
studies is coarse, i.e., the resolutions used by Hoshika et al. (2011)
and Simpson et al. (2007) were 40e50 km because these studies
were conducted to evaluate widespread POD. It is necessary to
simulate POD with high spatial resolution to assess the effects of
meteorological elements accurately.
Based on the high-spatial simulations, the objectives of this
study are to ascertain the areas where forests might be harmed by
the ozone, and to evaluate the effects of meteorological elements
on ozone absorption by the forest with emphasis on year-to-year
variations. For this study, we simulated ozone concentration and
meteorological ﬁelds in the summers of 2003, 2004, and 2009,
years known to have different weather characteristics. Then we
calculated POD to assess the risk to deciduous trees. We also
evaluated high-risk areas of POD in relation to the analyses of the
meteorological elements. The study area was the Kanto region,
including the Tokyo metropolitan area in Japan (Fig. 1), where
ozone concentrations show an increasing trend (Ohara, 2010).
2. Study methods
2.1. Model description
We used ADMER-PRO Ver. 1.0, developed by the National Insti-
tute of Advanced Industrial Science and Technology, Japan. Thesoftware comprises Regional Atmospheric Modeling System
(RAMS; Pielke et al., 1992) Ver. 4.4, incorporating anthropogenic
heat processes and several chemical processes including reactions,
emissions, and deposition of chemical substances. A salient beneﬁt
of the system is that it can calculate meteorological ﬁelds and
transports of chemical substances simultaneously, which is
certainly different from other chemical transport models. The
conﬁgurations of ADMER-PRO used for this study included radia-
tion (Chen and Cotton,1983), microphysics (Walko et al., 1995), and
the planetary boundary layer (Mellor and Yamada, 1982). The re-
action process of Carbon Bond Mechanism e IV (CB-IV_99;
Adelman, 1999) was used in this model. The deposition process
described by Zhang et al. (2003) was also adopted.
Two domains were set for calculations (Fig. 2). The coarse
domain (Domain 1) was 800 km  800 km in the horizontal di-
rection: its resolution was 20 km. The ﬁne domain (Domain 2) was
250 km  270 km, with resolution of 5 km the resolution used for
this study was higher than that used in previous studies. For that
reason, it is possible that this study calculated the inﬂuence of
meteorological elements for POD more accurately. In addition, the
top of the model was conﬁgured at 20 kmwith the vertical level of
29 layers.
The models were run respectively from 28 June through 31
August in 2003, 2004, and 2009. Regarding the weather charac-
teristics of the Kanto region in each year, the air temperature was
below normal; the rainfall was above normal in 2003 (JMA, 2003).
For 2004, the air temperature was above normal; the rainfall was
below normal (JMA, 2004). The air temperature and rainfall were
almost equal to the long-term means in 2009 (JMA, 2009). Clearly,
the selected years had different weather characteristics.
We used NCEP ﬁnal analysis as boundary data of the
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primary chemical species and non-methane volatile organic com-
pounds (NMVOCs) were used as emission data (Kannari et al.,
2007). These emission data are monthly mean hourly data in
2005, for which the horizontal resolution is approximately 1 km.
We used these data as the lower boundary condition for each year
simulation because of the data availability of NMVOCs. Although
the amount of NMVOCs decreased monotonically from 2000 on-
ward (Ministry of the Environment, 2015), the effect was not
incorporated into the simulation, as discussed in Section 3.1.
Regarding biogenic VOC (BVOC) emission data, this model used
upwardly revised BVOC data created by Kannari et al. (2007). In the
model, BVOC emissions weremodiﬁed by air temperature and solar
radiation. Therefore, the application of these BVOC data to 2003,
2004, and 2009 affected the results only slightly. Inoue et al. (2010a,
b) reported that modiﬁcation of the BVOC data improved the
reproducibility of the model. Therefore, we adopted the same
method.2.2. Estimation of stomatal ozone ﬂux
We calculated the accumulated phytotoxic ozone dose (POD)
based on UNECE (2010). To estimate POD, it is necessary to calculate
the stomatal conductance, which greatly affects POD. The stomatal
conductance (gsto [mmol/m2PLA/s]) was calculated using the
following multiplicative algorithm:
gsto¼gmax*
h
min

fphen;fO3
i
*flight*max
n
fmin;

ftemp*fVPD*fSWP
o
:
(1)
In that equation, gmax denotes the maximum stomatal conduc-
tance [mmol/m2PLA/s]. The projected leaf area, PLA, is the total area
of sunlit leaves. The functions (fphen, fO3, flight, fmin, ftemp, fVPD, fSWP) are
limiting factors of the stomatal conductance, which take values
between 0 and 1. The decrease of the limiting factor engenders the
decrease of stomatal conductance.
We set fmin, which determines the minimum stomatal conduc-
tance, as 0.1 based on UNECE (2010). Here, fphen is the function of
phenology, which expresses the difference of stomatal ﬂux by leaf
age. We set fphen to 1 because the limitation of stomatal ozone ﬂux
by leaf age in summer is extremely small. We set fO3, the function of
ozone concentration, to 1 based on UNECE (2010). The function of
soil water potential, fSWP, was set to 1 following Hoshika et al. (2011)
and Saito et al. (2013) because the inﬂuence of soil moisture on
temperate deciduous trees was assumed to be small by reﬂecting
the fairly large precipitation in summer in the Kanto region. flight is
the function of photosynthetically photon ﬂux density, which is
given as
flight ¼ 1 expððlightaÞPFDÞ; (2)
where lighta is the parameter that determines the function shape.
PFD is the photosynthetic photon ﬂux density [mmol/m2/s].Table 1
Required parameters for calculating POD.
Variable Unit Value
gmax mmol O3/m2 PLA/s 150
flight Constant 0.006
Tmin Degrees Celsius 0
Tmax Degrees Celsius 35
Topt Degrees Celsius 21
VPDmin kPa 3.25
VPDmax kPa 1.00ftemp is a function of temperature. It is given by Equations (3) And
(4),
ftemp ¼max
n
fmin;
ðT  TminÞ=Topt  Tmin*ðTmax  TÞ=Tmax  Toptbto; (3)
bt ¼ Tmax  Topt=Topt  Tmin; (4)
where Tmin, Tmax, and Topt respectively represent the minimum,
maximum, and optimum temperature [C] for stomatal conduc-
tance. Stomatal closure occurs at Tmin and Tmax.
fVPD, the function of vapor pressure deﬁcit, is given by Equation
(5).
fVPD ¼ minf1;maxffmin; ðð1 fminÞ*ðVPDmin  VPDÞ=ðVPDmin
 VPDmaxÞÞ þ fmingg:
(5)
Therein, VPD stands for the vapor pressure deﬁcit [kPa]. When
VPD is less than VPDmin [kPa], fVPD is set to 1. Conversely, when VPD
is greater than VPDmax [kPa], fVPD is set to fmin.
The stomatal ozone ﬂux (Fst [nmol/m2/s]) was calculated using
Equation (6), which assumes that ozone concentration at the top of
the canopy represents the concentration at the sunlit upper canopy
leaves:
Fst ¼ Cðz1Þ*gsto*
rc
rb þ rc:
(6)
In Equation (6), C(z1) stands for the ozone concentration [nmol/
m3] at the canopy top, gsto represents the converted unit from
[mmol/m2/s] to [m/s], rb denotes the quasi-laminar resistance [s/
m], and rc represents the leaf surface resistance [s/m]. Also, rb is
given by Equation (7) as
rb ¼ 1:3*150*
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L
uðz1Þ
s
; (7)
where 1.3 represents the difference in diffusivity between heat and
ozone. L [m] is the mean leaf width and u(z1) [m/s] is the wind
speed at height z1. Also, rc is given by Equation (8) as
rc ¼ 1=ðgsto þ gextÞ; (8)
where gext [m/s] stands for the external leaf, or cuticular, conduc-
tance. We set gext 0.0004 based on UNECE (2010).
POD [mmol/m2] was calculated using Equation (9), which shows
the accumulated stomatal ozone ﬂux as
PODy ¼
Z
maxðFst  y;0Þdt: (9)
Therein, y denotes a threshold of the stomatal ozone ﬂux [nmol/
m2/s]. We set y 0.0 based on a description by Hoshika et al. (2011).
Similarly, we chose the required parameters of calculating POD
following UNECE (2010) (Table 1).3. Results
3.1. Validation of simulated values
To validate the simulated ozone concentrations, we compared
the simulated data and observed data reported by the Ministry of
the Environment and local governments in Japan (Fig. 1). Fig. 3
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Fig. 3. Observed and simulated distributions of ozone concentration (ppb) in summer (average of July and August) in the study area. (a) Observation in 2003, (b) simulation in 2003,
(c) same as (a) but for 2004, (d) same as (b) but for 2004, (e) same as (a) but for 2009, and (f) same as (b) but for 2009.
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trations in summer of 2003, 2004, and 2009, respectively averaged
for July and August. In each year, low concentrations are found
around Tokyo Bay. High concentrations are distributed in the sub-
urbs of the study area both in observations and simulations.
Although the absolute values are systematically different between
them, the spatial pattern of the ozone concentration is reproduced
well.Fig. 4 displays the spatially averaged time series of ozone con-
centration at monitoring stations in Domain 2 (Fig. 1) and the
model's grids corresponding to these stations. This study calculated
the ozone concentration at a bottom layer (50 m) of the model,
whereas the actual concentration was observed between 1 m and
30.2 m from the surface. In comparison with the observations,
simulations overall overestimated them in summer. However, the
diurnal variations of ozone concentration were well reproduced in
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Fig. 4. Time series of ozone concentration (ppb) in summer of (a) 2003, (b) 2004, and
(c) 2009. Solid and dashed lines respectively represent calculated and observed values.
Table 2
Performance statistics on predictions of one hour ozone concentration.
MNB MNGE N
Benchmark  ±0.15 0.30
2003 0.06 0.26 21,948
2004 0.15 0.26 44,147
2009 0.15 0.28 23,817
(a)
(b)
(c)
(mmol/m2)
(mmol/m2)
(mmol/m2)
Fig. 5. Spatial distributions of POD0 in summer of (a) 2003, (b) 2004, and (c) 2009. This
study did not calculate POD0 at non-forest meshes which were not colored.
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The difference in height between observations and simulations
might contribute to the overestimation of the latter because the
ozone concentration was observed under the tree canopy or the
urban canopy. Grant and Wong (1999) reported that diurnal vari-
ation of the ozone concentration differed above and below can-
opies over suburban areas. Although differences between
observations and simulations are large, especially at night, thedifferences do not affect the stomatal ozone ﬂux because the
calculation method based on UNECE (2010) does not incorporate
the absorption of ozone by plants at night. Moreover, studies of
species-speciﬁc absorption at night are still inadequate and are in
progress. Matyseek et al. (2004) reported that absorption at night
was approximately 20% of that in the daytime, so that improve-
ment of the model reproducibility at night remains as an issue for
future work.
Another candidate of overestimation is the difference of the
period of NMVOCs between observation (Kannnari et al., 2007) and
(a)
(b)
(c)
(m/s)
(m/s)
(m/s)
Fig. 6. Same as Fig. 5 but for averaged stomatal conductance at daytime (6:00e18:00).
Fig. 7. Averaged diurnal variations of (a) the stomatal ozone ﬂux (nmol/m2/s) and (b)
the stomatal conductance (m/s). Solid, dashed, and dotted lines respectively present
T. Watanabe et al. / Atmospheric Environment 129 (2016) 176e185182simulation. Although the amount of NMVOCs decreased mono-
tonically from 2000 onward (Ministry of the Environment, 2015),
the simulated ozone concentration still overestimated the obser-
vation in all three years (Fig. 4), so that we cannot attribute it to the
cause of the overestimation.
Next, we evaluated the calculated values using Mean Normal-
ized Bias (MNB) and Mean Normalized Gross Error (MNGE) based
on U.S. EPA data (2007). MNB and MNGE are calculated, respec-
tively, using Equations (10) And (11).MNB ¼ 1
N
XN
i¼1
Cali  Obsi
Obsi
: (10)
MNGE ¼ 1
N
XN
i¼1
jCali  Obsij
Obsi
: (11)
In these equations, N represents the number of data, Cal stands
for the calculated ozone concentration [ppb], and Obs is the
observed ozone concentration [ppb]. We calculated MNB and
MNGE only if the observed value was greater than or equal to
60 ppb, which is the air quality standard of ozone concentration in
Japan (Ministry of the Environment,1993). For validation, this study
used the benchmark which is a criterion used to judge the repro-
ducibility of the model (U.S. EPA, 2007).
Table 2 presents performance statistics for predictions of hourly
ozone concentration. Results show that all of MNB are positive in
2003, 2004, and 2009, i.e., the calculated values overestimated the
observations, as already pointed out by Figs. 3 and 4. Still, bothMNB
andMNGE are smaller than their respective benchmarks in all years
(±0.15 for NMB, and 0.30 for MNGE), along with the reproduc-
ibility of spatial pattern and diurnal variation (Figs. 3 and 4).
Probably, the ozone concentration was fairly well reproduced,
although systematic biases appear in the simulations. We can
discuss the simulated results carefully if we incorporate consider-
ation of the characteristics of this overestimation.
3.2. Stomatal ozone ﬂux
Fig. 5 presents spatial distributions of POD0 in summer (July-
eAugust) of 2003, 2004 and 2009. In these ﬁgures, POD0 was
calculated only for forest areas. POD0 in 2003 and 2009 presentedvalues from 2003, 2004, and 2009.
Fig. 8. Same as Fig. 7 but for (a) flight, (b) ftemp, and (c) fVPD, all of which are unitless
(ratio).
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particular, the highest POD0 areas are located at the border of the
plains and mountains. Low temperature and heavy rainfall were
observed in 2003. The temperature and rainfall in 2009 were
almost equal to their long-term mean values. In contrast, high
temperature and little rainfall were observed in 2004 when POD0
was larger than those in 2003 and 2009. In 2004, the areas larger
than 16 mmol/m2 were found (Fig. 5b), i.e., POD0 is very high at
mountainous areas and high at coastal areas in that year.
Regarding high POD0 areas, the Tanzawa Mountains (Fig. 1)
exhibited higher POD0 every year, where forest injury was observed
by Saito et al. (2013). POD0 in this area is 12e16 mmol/m2, which is
slightly larger than the result of Saito et al. (2013), who reported
POD1 in this area as approximately 12 mmol/m2 in 2010. Consid-
ering the characteristics of the overestimation of the model (Figs. 3
and 4), this study and that of Saito et al. (2013) quantitatively agree.
Fig. 5 shows that plant growthmight be suppressed at the west and
north of the Kanto plain, but no visible injury caused by ozone hasbeen reported in these areas.
To clarify the effects of meteorological elements that caused
different spatial distributions of POD0 in each year, we showed the
spatial distribution of averaged stomatal conductance at daytime
(6:00e18:00) (Fig. 6) because equation (1) means that the stomatal
conductance is affected by meteorological elements. Fig. 6 displays
the averaged stomatal conductance during daytime. It is
0.0014e0.0034 m/s, which is of the same order as the ﬁgure re-
ported by Kadaira and Yoshida (2006), showing that averaged
stomatal conductance at daytime of deciduous trees (Zelkova ser-
rata) was 0.0047 m/s (converted from mol/m2/s units). Fig. 6 also
shows that the stomatal conductance was large at high elevation
areas of the west and north of the Kanto region in all three years. In
particular, those areas where the stomatal conductancewas greater
than 0.0032 m/s are found in 2004 (Fig. 6b). Therefore, the decid-
uous forest inmountainous areas absorbed the ozonemost easily in
the Kanto region. From the viewpoint of year-to-year variation,
stomatal conductance in 2004 was the highest, whereas that in
2004 at low elevation areas was less than those in 2003 and 2009.
The stomatal conductance in 2003 was distributed between 0.0016
and 0.0028 m/s (Fig. 6a), i.e., the difference between the maximum
and minimum was the smallest in these three years.
For further analysis of factors affecting the stomatal ozone ﬂux,
we compared diurnal variations of the stomatal ozone ﬂux, the
stomatal conductance, flight, ftemp, and fVPD. Fig. 7 shows averaged
diurnal variations of the stomatal ozone ﬂux and stomatal
conductance, whereas Fig. 8 shows the data in Fig. 7 but for flight,
ftemp, and fVPD. These ﬁgures were calculated only for forest areas.
Fig. 7a shows that the stomatal ozone ﬂux in 2004 was the largest
(18,614 nmol/m2/s) in the morning among all three years. Stomatal
ozone ﬂux in 2004 started decreasing at 10:00, but those in 2003
and 2009 continued increasing until 13:00 and 14:00, respectively.
They showed similar diurnal variations (Fig. 7a). Fig. 7b depicts the
diurnal variations of the stomatal conductance. In each year, the
maximum values appeared in the morning. The maximum
(0.003m/s) appeared at 8:00 in 2004, decreasing rapidly thereafter.
In contrast, the decreases of the stomatal conductance in 2003 and
2009 were gentle.
As for diurnal variations of flight, the maximum appeared at
12:00 in all three years (Fig. 8a), among which that in 2004 (0.95)
was the highest. In the three years, ftemp and fVPD presented similar
diurnal variations in that the minimum appeared at 13:00 or 14:00
(Fig. 8b and c). In comparisonwith other years, fVPD in 2004 showed
noticeable diurnal variation in that the minimum of fVPD (0.70)
appeared at 14:00.
4. Discussion
In this study, we showed that the spatial distributions of POD0 in
summer had different characteristics in 2003, 2004, and 2009
(Fig. 5). In particular, POD0 in 2004 was very high in mountainous
areas and low at the border of the plains and mountains (Fig. 5b).
The distribution caused the stomatal conductance there (Fig. 6b)
because POD0 and the stomatal conductance showed strong posi-
tive correlation (r ¼ 0.80) in 2004. Additionally, it seems that the
stomatal conductance in 2004 was affected by weather character-
istics in 2004, when high temperature and little rainfall were
observed. The stomatal conductance in 2004 was low at the border
of the plains and the mountains (Fig. 6b) because the stomatal
conductance was limited by high temperature and dryness there in
2004.
In 2003, POD0 was high at the border of the plains and the
mountains (Fig. 5a). In comparison with the stomatal conductance
in 2003 (Fig. 6a), POD0 was affected only slightly by the stomatal
conductance because neither showed strong correlation
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conductance did not affect POD0 because they did not have strong
correlation (r ¼ 0.09) either in 2009. In other words, the spatial
distributions of POD0 were affected by those of the ozone con-
centration in 2003 and 2009 because POD was proportional to the
product of the ozone concentration and the stomatal conductance
(Eq. (6)). The respective correlations between POD0 and the ozone
concentration in 2003 and 2009 were 0.78 and 0.75, although the
correlation was low (r ¼ 0.10) in 2004.
One purpose of this study was to evaluate the effect of meteo-
rological elements on POD from the viewpoint of year-to-year
variations. Emberson et al. (2000) similarly compared the stoma-
tal conductance and the effect of meteorological elements every 6 h
in the Czech Republic. In their study, VPD and air temperature were
the most important factors limiting stomatal conductance during
the daytime; VPD remained the predominant limiting factor until
the early evening. As a result, the stomatal ozone uptake decreased
greatly at noon, although the ozone concentration at noon was the
highest of the day. In contrast, irradiance limited stomatal
conductance strongly in the early morning and the early evening.
In this study, diurnal variations of the limiting factors (flight, ftemp,
and fVPD) generally agreed with the results reported by Emberson
et al. (2000) (Figs. 7 and 8). However, the effect of the limiting
factor varied greatly from year to year. In 2004, VPD and air tem-
perature caused the rapid decline of the stomatal conductance,
which caused the decrease of the stomatal ozone ﬂux in the af-
ternoon (Fig. 7b). However, the stomatal conductance in 2004 was
not less than those in 2003 and 2009 because flight in 2004 was the
highest (Fig. 8a). In contrast, irradiance limited the stomatal
conductance in 2003, and air temperature and VPD had little effect
on the stomatal conductance.
Results of diurnal variations of the stomatal conductance and
the limiting factors suggest that air temperature and VPD strongly
affected POD in 2004 when high temperature and little rainfall
were observed. High temperatures greatly decreased POD because
high temperatures tended to cause high VPD. Not only the ozone
concentration, but also irradiance strongly affected POD in 2003
when low temperature and heavy rainfall were observed. These
results underscore the importance of evaluating the effect of
meteorological elements on POD from the viewpoint of year-to-
year variations because the effect varied greatly from year to year.
5. Summary and conclusion
For this study, we evaluated POD using multi-year numerical
simulations in the Kanto region of Japan in summer. We analyzed
the relations between POD and meteorological elements that affect
POD. New ﬁndings obtained from this study are summarized as
follows.
 Our results show a high absorption area in the Tanzawa
Mountains, which agrees well with the results reported by Saito
et al. (2013). However, damage caused by ozone has not been
reported yet, even in the inland area of Kanto plain. Our results
show the possibility that plant growth is suppressed in northern
areas of the Kanto plain.
 Our results suggest that air temperature and VPD strongly
affected POD in 2004 when high temperature and little rainfall
were observed. In contrast, the ozone concentration and irra-
diance strongly affected POD in 2003 when low temperature
and heavy rainfall were observed. We demonstrated that the
meteorological elements affecting POD changed from year to
year, depending on the weather characteristics of the year, and
demonstrated the importance of multi-year simulations and
analyses.As remaining problems, it is necessary to incorporate nocturnal
absorption of ozone into POD calculations (see Section 3.1). Addi-
tionally, it is important to calculate POD including the effects of soil
moisture to assess risk more adequately (see Section 2.2). Both are
issues to be resolved in the near future.
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